Peptide for ocular delivery (POD) is a novel cationic cell-penetrating peptide (CPP) which, when conjugated with polyethylene glycol (PEG-POD), can deliver plasmid DNA to the retinal pigment epithelium (RPE) of adult murine retina. PEG-POD nanoparticles containing an expression cassette for glial cell line-derived neurotrophic factor (PEG-POD~GDNF) were investigated for their ability to inhibit light-induced photoreceptor apoptosis. PEG-POD~GDNF, control nanoparticles, or buffer were injected into the subretinal space of adult murine retina and retinal degeneration induced by blue light. Animals injected with PEG-POD~GDNF showed a significant reduction (3.9-7.7 fold) in apoptosis relative to control-injected animals. The thickness of the outer nuclear layer (ONL) of the superior retina of PEG-POD~GDNF-injected eyes was significantly greater (23.6-39.3%) than control-injected retina 14 days postlight treatment. PEG-POD~GDNF-injected eyes showed a 27-39% greater functional response relative to controls, as measured by electroretinogram (ERG) 7 days post-light treatment. This is one of only two studies demonstrating histological and functional rescue of a mouse model of retinal degeneration following nonviral administration of a transgene into adult retina. Although rescue is short lived for clinical application, this study represents an important step in the development of nonviral gene therapy for retinal diseases.
IntroductIon
Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) comprise two of the most common causes of blindness in the developed world. 1 Because of the chronic nature of many ocular diseases, including RP and AMD, gene therapy may offer an ideal form of treatment. While nonviral vectors have the potential to offer a safe and scalable approach to ocular gene therapy, such strategies have been impeded by very limited gene transfer efficiency relative to viral vectors in vivo. Despite substantial progress in preclinical and clinical ocular gene therapy, there are few reports of nonviral rescue of retinal degeneration. To date, only one study has demonstrated histological and functional rescue of retinal degeneration after delivery of a nonviral vector to the postmitotic adult eye. 2 Some proteins, known as cell-penetrating peptides (CPPs), possess the ability to move across the plasma membrane and into the cytoplasm. 3 CPPs have been shown to be effective in delivering various cargoes, such as proteins, oligonucleotides, plasmid DNA, and liposomes into the cell cytoplasm. Based on the clinical implications of these peptides for delivery of macromolecules, we have been interested in using CPPs as vectors to deliver proteins and DNA to retinal tissue in vivo. 4, 5 The glycosaminoglycans chondroitin sulphate and heparan sulfate are present at high levels in the adult retina. To specifically target retinal cells, we have synthesized a number of peptides based on a consensus recognition sequence for glycosaminoglycan. The novel synthetic peptide CGGG(ARKKAAKA) 4 , molecular weight = 3.5 kd termed peptide for ocular delivery (POD) was previously described by us as a potential CPP capable of crossing the plasma membrane of cells in vitro as well as most ocular neuronal cell types in vivo, including retinal pigment epithelium (RPE), photoreceptors, and ganglion cells. 6 POD retains this cell-penetrating ability even when fused with much larger molecules, such as green fluorescent protein or quantum dots. 6, 7 More recently, we demonstrated that PEGylation of POD (PEG-POD) permits compaction of plasmid DNA into 120-150 nm nanoparticles. 8 Upon ocular delivery, PEG-POD nanoparticles transfect the postmitotic RPE ~200-fold more efficiently than plasmid DNA. 8 Over 40 different genes have been documented to cause RP, with over 100 novel mutations in the rhodopsin gene alone (RetNet at http://www.sph.uth.tmc.edu/retnet/). AMD is a complex disease involving a variety of genetic and environmental influences. The broad etiological spectrum of retinal degeneration makes it practical to consider the use of neurotrophic factors, which can allow for a mutation independent approach to treatment. Such factors have been shown to rescue a number of animal models of retinal degeneration. 9 A recent phase II clinical trial in which RP patients received intravitreal implants of encapsulated cells secreting ciliary neurotrophic factor found that a subset of patients exhibited an improvement in visual acuity. 10 Glial cell line-derived neurotrophic factor (GDNF) is a member of a family of neurotrophic factors whose activity has been shown to prevent photoreceptor cell loss in both inherited models of retinal degeneration, [11] [12] [13] as well as environmentally induced models of retinal damage. 14 Apoptosis represents a final step in retinal degeneration for both RP 15 and AMD. 16 Apoptosis-mediated cell death has been induced in rodent retina by exposure to light, causing synchronized and rapid cell death within the retina. Studies in rats exposed to high levels of light have found morphological changes to both the RPE and photoreceptors, indicating that both of these cell types are affected by light exposure. 17 The pathogenic effects of lipofuscin deposits, such as A2E, observed in AMD patients has been partially attributed to blue and visible light exposure. 18 Light itself has been found to be an accelerator of RP in patients 19 and animal models of RP. 9, [20] [21] [22] Thus, light-induced retinal degeneration provides an in vivo model applicable across a wide spectrum of degenerative disorders.
To examine the efficiency of PEG-POD-mediated gene therapy, PEG-POD nanoparticles were generated expressing GDNF (PEG-POD~GDNF) and investigated for their ability to rescue photoreceptor degeneration in adult mice exposed to bright blue light. We found that retinas treated with PEG-POD~GDNF nanoparticles exhibit significantly reduced photoreceptor loss, resulting in a significant increase in their functional response as measured by electroretinography (ERG). These data provide evidence that PEG-POD is able to successfully deliver genes to murine retina at levels sufficient to permit partial structural and functional rescue of a model of acute retinal damage.
results

PeG-Pod can form GdnF-expressing nanoparticles
Previously, we have demonstrated that PEG-POD is able to compact plasmid DNA containing various reporter genes into discrete and homogeneous nanoparticles that can transduce a variety of tissues in vivo, including the RPE. 8 In order to examine the potency of these nanoparticles in rescuing a model of retinal degeneration, the rat GDNF complementary DNA was cloned downstream of a chicken β-actin promoter (pCAGGDNF). Expression of rat GDNF mRNA was confirmed in human embryonic retinoblasts by transfection in vitro (Figure 1a) . When pCAGGDNF was compacted using PEG-POD (PEG-POD~GDNF), electrophoretic migration of the plasmid DNA was retarded, and could be relieved by trypsin-mediated digestion of the POD peptide (Figure 1b) . PEG-POD~GDNF was examined by transmission electron microscopy and found to form discrete spherical nanoparticles (Figure 1c) , similar to those previously described with a luciferase-expressing plasmid. 8 Analysis of the transmission electron microscopic images revealed a mean particle diameter of 175.9 ± 28.6 nm. When PEG-POD~GDNF nanoparticles were injected into the subretinal space of adult mice, there was a detectable level of ratspecific GDNF transcript above control buffer-injected retinas 48 hours postinjection (P < 0.05) (Figure 1d ).
Bright blue light activates caspase-3/7 and induces retinal degeneration that can be modulated by damage due to a subretinal injection Because the mechanism of light damage has been shown to be highly dependent on the intensity and type of light used, 9, 17, 23 we were interested in characterizing the specific mechanism of photo receptor degeneration induced by the regimen in our studies. Caspase-3-mediated apoptosis has been shown to be important in a number of retinal degeneration models. [24] [25] [26] Following dark adaptation, mice were exposed to bright blue light for 4 hours. To confirm caspase-3/7 activation in mouse retina, light exposed eyes were harvested at 2, 6, 24, and 48 hours post-light treatment, the retina separated from the RPE/choroid/sclera, and caspase-3/7 activity quantified relative to nonlight-treated eyes (Figure 2a) . We observed a 2.9-fold increase in caspase-3/7 activity above nonlight-treated eyes in the retina 48 hours postlight exposure (P < 0.05) and a 1.9-fold increase in caspase-3/7 activity in the RPE/choroid/sclera 24 hours post-light exposure (P < 0.05).
It has previously been shown that subretinal injection alone is sufficient to provide partial rescue of light-induced damage. 27 Hence, before injection of PEG-POD~GDNF nanoparticles, we wished to test the level of rescue provided by a sham subretinal injection in our hands. Mice were injected in the subretinal space with 5% dextrose solution and 4 days later exposed to bright blue light for 4 hours. Eyes were harvested, sectioned, and nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI) such that the extent of photoreceptor degeneration could be evaluated by measuring the thickness of the outer nuclear layer (ONL). Because degeneration in the light damage model has been previously reported to occur predominantly in the central retina and at higher levels in the superior hemisphere of the eye, 28 eyecups were sectioned for histological analysis along the vertical meridian in a section bisecting the optic nerve head (ONH). Although the ONL of the superior hemisphere showed a marked decrease in average thickness post-light treatment (10.6 ± 5.6 µm) compared to nonlight-treated eyes (P < 0.001, 57.4 ± 2.0 µm), a significant reduction in photoreceptor loss (as measured by ONL thickness) was observed in those eyes receiving a subretinal injection of buffer (5% dextrose, P < 0.001, 25.4 ± 1.7 µm) before light exposure (Figure 2b) . Five percent dextrose buffer was used in all subsequent experiments and is the solution used to suspend the nanoparticle formulations.
To measure any potential change in retinal function, ERGs were recorded in buffer-injected mice 7 days after light exposure (Figure 2c ) and compared with those of uninjected light-treated mice. Consistent with the histological data, subretinal injection provided partial ERG rescue, with a 2.3-and 4.5-fold increase observed in the amplitudes of the a-and b-waves, respectively, relative to those of the uninjected light-treated mice. However, both the a-and b-wave amplitudes were substantially impaired relative to those of nonlight-treated eyes (P < 0.001). We now wished to determine whether PEG-POD~GDNF nanoparticles could provide significantly greater levels of rescue relative to that provided by sham subretinal injection. We employed the same regimen of light exposure (Figure 2d ), and harvested eyes at different time points for measurement of rescue.
PeG-Pod~GdnF reduces light-induced apoptosis
We next examined the ability of PEG-POD~GDNF to inhibit the apoptotic cascade and ensuing photoreceptor cell death. Eyes of 6-8-week-old BALB/cJ mice were injected with either PEG- POD~GDNF, PEG-POD~Lux, or buffer alone into the subretinal space of the superior hemisphere. Eyes were harvested and sectioned 48 hours post-light treatment. Sections bisecting the ONH were stained using a TdT-dUTP terminal nick-end labeling (TUNEL) method (Figure 3a ) and the TUNEL-positive nuclei counted in both the superior and inferior hemispheres (Figure 3b ). Eyes injected with PEG-POD~GDNF showed a significant decrease in the number of TUNEL-positive nuclei (in the ONL) in the superior pole (31.00 ± 8.5 nuclei/section) relative to PEG-POD~Lux (241.2 ± 77.6 nuclei/section, P < 0.01) and buffer (197.9 ± 39.7, P < 0.01) -injected eyes. Consistent with the subretinal injections being performed in the superior hemisphere, the decrease in apoptosis in the inferior hemisphere was not found to be significant when analyzed alone. However, the total decrease in TUNEL-positive nuclei across the entire retina was significant comparing PEG-POD~GDNF to PEG-POD~Lux and buffer (P < 0.01).
Although the use of TUNEL staining revealed a significant decrease in the level of apoptosis, it was only evaluated in the areas most significantly affected by light exposure (the vertical meridian at the ONH). The nucleosome release assay would permit a more global evaluation of tissue apoptosis by evaluating cell death throughout the retina. Retinal tissue was harvested 48 hours post-light exposure and the level of apoptosis evaluated by nucleosome release enzyme-linked immunosorbent assay (Figure 3c ). This assay detects histone-associated DNA fragments that occur as a result of internucleosomal genomic DNA degradation during apoptosis. An increase in absorbance due to antibody detection of histone bound DNA is therefore correlated with increased cell apoptosis. Eyes injected with PEG-POD~GDNF had a 3.9-fold lower absorbance than buffer-injected eyes (P < 0.05) and a 7.4-fold lower absorbance than uninjected light-treated eyes (P < 0.001, data not shown). Although PEG-POD~GDNF was observed to have a 2.3-fold lower absorbance than PEG-POD~Lux-injected eyes, this difference was not significant and suggests a possible therapeutic effect from a PEG-POD nanoparticle. Collectively, these data suggest that PEG-POD~GDNF decreases the level of apoptosis in eyes that have undergone injury via light exposure.
GdnF nanoparticles prevent photoreceptor cell loss
Although injection of PEG-POD~GDNF nanoparticles significantly reduced apoptosis, we had yet to determine whether this would lead to a preservation of the photoreceptor cells. The number of photoreceptor nuclei can be approximated by measuring the thickness of the ONL (Figure 4) . To examine the differences in ONL thickness, eyes injected with either PEG-POD~GDNF, PEG-POD~Lux, or buffer were analyzed as in Figure 2b by sectioning along the vertical meridian and staining with DAPI at a section bisecting the ONH. ONL and inner nuclear layer (INL), the nuclear layer of bipolar cells, thickness was measured at 250 µm intervals along the length of the retina. We examined the effect of PEG-POD~GDNF at 7 and 14 days post-light treatment.
Eyes injected with PEG-POD~GDNF were compared to PEGPOD~Lux and buffer 7 days (Figure 4a ) and 14 days (Figure 4b ) post-light exposure. Because TUNEL staining was observed almost exclusively in the photoreceptor nuclei, the thickness of the INL was also measured and used as an internal control by determining the ONL/INL ratio (Supplementary Figure S1a,b) . To quantify rescue, the average thickness of the ONL of the superior retina was then calculated from measurements taken between 250 and 1,500 µm from the ONH, proximal to the site of injection (Figure 4c) . We expected to see the greatest rescue in the superior portion of the eye as this was the site of injection. The average ONL thickness of PEG-POD~GDNF injected retinas (44.37 ± 2.154 µm) was greater at 7 days post-light treatment by 24.5% relative to PEG-POD~Lux injected retinas (35.63 ± 2.198 µm, P < 0.05) and by 39.3% compared to those injected with buffer alone (31.86 ± 2.184 µm, P < 0.001) (Figure 4c) . At 14 days post-light treatment, PEG-POD~GDNF-injected retinas had an average ONL thickness (33.83 ± 2.696 µm) which was significantly greater by 27.7% Eyes injected with PEG-POD~GDNF showed a significant decrease in the number of TUNEL-positive nuclei in the ONL of the superior pole (31.00 ± 8.5 nuclei/section) compared to PEG-POD~Lux (241.2 ± 77.6 nuclei/ section, P < 0.01) and buffer-(197.9 ± 39.7, P < 0.01) injected eyes. PEG-POD~GDNF, n = 10; PEG-POD~Lux, n = 5; buffer, n = 7. Mean ± SEM. (c) Retinal tissue was harvested 48 hours post-light treatment and apoptosis evaluated by nucleosome release ELISA. Lower absorbance is observed with less nucleosome release and is thus an indicator of decreased apoptosis. Eyes injected with PEG-POD~GDNF showed 2.3-fold lower absorbance than PEG-POD~Lux-injected eyes (P > 0.05) and 3.9-fold lower than buffer-injected eyes (P < 0.05). Nonlight treated and PEG-POD~GDNF, n = 5; PEG-POD~Lux, buffer, and no light treatment, n = 5. Mean ± SEM. GDNF, glial cell line-derived neurotrophic factor; INL/ONL, inner/outer nuclear layer; PEG, polyethylene glycol; POD, peptide for ocular delivery; TUNEL, TdT-dUTP terminal nick-end labeling.
compared to the ONL thickness of retinas injected with buffer alone (26.50 ± 1.549 µm, P < 0.05). Though not significant by analysis of variance, the mean ONL thickness of PEG-POD~GDNF-injected eyes increased by 23.6% compared to that of PEG-POD~Lux (27.36 ± 1.812 µm). There was no significant difference between the average ONL thickness of PEG-POD~Lux and buffer-injected eyes at either 7 or 14 days post-light treatment (P > 0.05).
Similar results were obtained when analyzing the average ONL/INL ratio of the superior hemisphere (Figure 4d) . At 7 days, the ratio was higher in eyes injected with PEG-POD~GDNF compared to those injected with PEG-POD~Lux by 38.5% (P < 0.001) or buffer by 47.3% (P < 0.001). The ONL/INL ratio remained higher at 14 days post-light treatment in PEG-POD~GDNF-injected eyes compared to PEG-POD~Lux by 30.4% (P < 0.05) .5% compared to those injected with PEG-POD~Lux (P < 0.001) or 47.3% compared to buffer (P < 0.001). The ONL/INL ratio remained higher at 14 days post-light exposure in PEG-POD~GDNF-treated eyes by 30.4% compared to PEG-POD~Lux (P < 0.05) and by 33.9% compared to buffer (P < 0.01). 7 days: PEG-POD~GDNF and PEG-POD~Lux, n = 6; buffer, n = 4. 14 days: PEG-POD~GDNF, n = 4; PEG-POD~Lux, n = 7; buffer, n = 6. Mean ± SEM. DAPI, 4′,6-diamidino-2-phenylindole; GDNF, glial cell line-derived neurotrophic factor; INL, inner nuclear layer; LD, light degeneration; ONH, optic nerve head; ONL, outer nuclear layer; PEG, polyethylene glycol; POD, peptide for ocular delivery.
and buffer-injected eyes by 33.9% (P < 0.01). Together these data strongly indicate that subretinal injection of PEG-POD~GDNF promotes photoreceptor survival. We also analyzed the thickness of the ONL and INL of the inferior hemisphere of the treated eye cups (Supplementary  Figure S2a,b) . Because the injections were localized in the superior hemisphere before light treatment we hypothesized that there may be little rescue if any in the inferior hemisphere. This theory was supported by the increased rescue in the superior hemisphere observed via TUNEL stain (Figure 3b) . Although at 7 days postlight exposure there was no significant difference in the average ONL thickness or ONL/INL ratio between conditions (P > 0.05), there were differences observed after 14 days. At 14 days post-light exposure there was a significant 40.2% increase in the ONL thickness of PEG-POD~Lux-treated eyes compared to those treated with buffer alone (P < 0.01), but no significant difference between PEG-POD~GDNF and PEG-POD~Lux-injected eyes. The ONL/ INL ratio was significantly higher 14 days post-light exposure by 37.0% in PEG-POD~GDNF-treated eyes (P < 0.01) and by 30.6% in PEG-POD~Lux-treated eyes compared to buffer (P < 0.001). There was no significant difference in the ratios for PEG-POD~GDNF and PEG-POD~Lux (P > 0.05).
Interestingly, regardless of treatment group, there appeared to be a significant decrease in the ONL thickness between 7 and 14 days post-light treatment in PEG-POD~GDNF (P < 0.005), PEG-POD~Lux (P < 0.005), and buffer-injected eyes (P < 0.05), indicating that, while degeneration is slowed following PEG-POD~GDNF injection, it is not completely inhibited.
Injection of GdnF nanoparticles leads to functional rescue
In order to evaluate the functional rescue of the retina, ERGs were performed 7 days post-light treatment. The amplitude of both the a-and b-waves were measured and compared between injection conditions (Figure 5a,b) . PEG-POD~GDNF-injected eyes showed a 39% increase in amplitude in the a-wave relative to PEG-POD~Lux (P < 0.05) and 32% relative to buffer-injected eyes (P < 0.01).
The amplitude of the b-wave was increased in PEG-POD~GDNF-injected eyes by 31% compared to PEG-POD~Lux injected and by 27% compared to buffer-injected eyes. Although the increase in the PEG-POD~GDNF b-wave amplitude was not significant by analysis of variance post hoc analysis, the analysis of variance itself was significant between these three conditions (P < 0.05). There was no significant difference between PEGPOD~Lux and buffer in the amplitude of either the a-or b-wave (P > 0.05). These data correlate with the previously noted relative ONL thicknesses between conditions (Figure 4) . The amplitude of both the a-and b-waves were measured and compared between injection conditions. PEG-POD~GDNF-injected eyes showed a 39% increase in amplitude in the a-wave compared to PEG-POD~Lux (P < 0.05) and 32% compared to buffer injected eyes (P < 0.01). Though not significant, the mean b-wave amplitude was increased in PEG-POD~GDNF-injected eyes by 31% compared to PEG-POD~Lux and by 27% compared to bufferinjected eyes. PEG-POD~GDNF, n = 12; PEG-POD~Lux, n = 9; buffer, n = 11. Mean ± SEM. GDNF, glial cell line-derived neurotrophic factor; PEG, polyethylene glycol; POD, peptide for ocular delivery. Figure S3 ). There was an increased ERG amplitude compared to buffer-injected eyes 10 days after light exposure of 49% in the a-wave (P < 0.005) and 29% in the b-wave (P < 0.05). However, there was no significant difference between the two conditions 14 days after light treatment (P > 0.05). This finding agrees with the ONL thickness data in which a decrease in the effects of PEG-POD~GDNF rescue were observed over time (Figure 4c) .
We also measured ERGs at later time points, comparing PEG-POD~GDNF with buffer injections alone (Supplementary
Activation of Müller cells by PeG-Pod~GdnF nanoparticles
Injection of GDNF protein into the subretinal space of rd/rd mice has been shown to increase glial fibrillary acidic protein (GFAP) immunoreactivity in Müller glia. 11 It has been speculated that GDNF may act via an indirect neuroprotective pathway through activation of Müller glia, a hypothesis supported by findings indicating that GDNF stimulates neurotrophic factor release from Müller cells. 29 To investigate the effect of PEG-POD~GDNF on Müller cell activation in our light damage model, light-treated eyes injected with PEG-POD~GDNF, PEG-POD~Lux, or buffer alone were harvested 48 hours postinjection, sectioned, and stained for GFAP. Increased expression of GFAP in the Müller cell body of the inner retina was found to occur following light treatment irrespective of the injection condition, relative to nonlight-treated eyes (Figure 6a, arrows) . However, a quantification of GFAP signal in the inner retina revealed a significant 2.6-fold increase in GFAP in PEG-POD~GDNF-injected eyes relative to control-injected eyes (P < 0.05) (Figure 6b) . This observation suggests that the level of GDNF expression in cells transduced by the PEG-POD~GDNF nanoparticles is sufficient to activate Müller glia in the retina, and provides supporting evidence for a potential indirect mechanism for GDNF-mediated rescue in our light-induced model of retinal degeneration.
dIscussIon
This study demonstrates the ability of a PEGylated CPP, PEG-POD to deliver a therapeutic GDNF transgene in vivo and partially rescue a model of retinal degeneration both histologically and functionally. In this study, PEG-POD~GDNF was injected before the light-induced apoptosis. Although the majority of RP cases are due to mutations in rod photoreceptors, loss of fine vision and complete blindness develops as a result of loss of cone photoreceptors. It has been suggested that the rods produce factors that promote the survival of cones. Hence, therapeutic interventions such as exogenous delivery of growth factor may promote the survival of the cones as a consequence of rod preservation.
Activation of caspase-3 has been shown to be an important mediator of apoptosis in inherited 24 and acute 26 or blue lightinduced retinal degeneration. 25 We confirmed induction of caspase-3/7 activity in photoreceptors following acute exposure to bright blue light 48 hours post-treatment (Figure 2a) . In rat, RPE cells have been shown to undergo apoptosis in response to bright light at a time point delayed from that of photoreceptors 30 and with transient morphological changes. 17 RPE cells exposed to the lipofuscin fluorophore A2E were specifically shown to initiate apoptosis in vitro after exposure to blue light in a caspase-3-dependent manner. 31 Consistent with these observations, we found increased caspase-3/7 activity in the RPE/choroid/sclera after 24 hours (Figure 2a) , with no TUNEL stain observed in these tissues at the 48-hour time-point (data not shown). Interestingly, the Chesapeake Bay Waterman study reported a correlation between patients with the most advanced AMD and a high incidence of exposure to blue or white light, 32 pointing to blue light as a possible contributing factor in the pathogenesis of AMD. 33 Because of the link between caspase-3 and inherited models of retinal degeneration, we conclude that exposure to bright blue light is a viable model in which to test the efficacy of PEG-POD~GDNF nanoparticles to rescue photoreceptor degeneration.
GDNF has been proposed to mediate neuroprotection by both a direct mechanism through photoreceptor signaling and an indirect mechanism of signaling through Müller cells. 29, 34 Injection of GDNF protein into mouse retina has been shown to cause activation of Müller glia. 11 Consistent with this observation, we have found that retinas injected with PEG-POD~GDNF nanoparticles had significantly increased and redistributed GFAP expression relative to those injected with either control nanoparticles or buffer alone, indicative of Müller cell activation (Figure 6b) .
GDNF has been demonstrated to rescue the inherited rd/rd (rd1) mouse model of RP, 11 the rhodopsin mutant S334ter rat, 12 the RCS rat, 13 damage induced by retinal detachment 14 as well as ischemia-reperfusion injury. 35 Similar to the model of light injury used here, the S334ter rat model has been shown to upregulate caspase-3 activity, 24 indicating that GDNF antiapoptotic activity may be effective in preventing the caspase-3-initiated cell death cascade. While a previous report has shown that GDNF delivered via adeno-associated virus did not rescue retinal degeneration in mice as measured by ERG or histology, 36 that study employed prolonged low-intensity white light as opposed to acute blue light, a light regimen that has been shown to cause cell death via a different apoptotic pathway. 33 PEG-POD~GDNF appears to prevent apoptosis most efficiently in the superior hemisphere in proximity to the site of injection (Figure 3b) . This is especially significant when considering blue light exposure that has been shown to preferentially damage the superior hemisphere of the eye. 25 Significant rescue was observed following PEG-POD~GDNF injection compared to controls in the superior hemisphere histologically after 7 days (Figure 4c,d) . Interestingly, at 14 days there was a significant photo receptor rescue also of the inferior hemisphere following injection of PEG-POD~Lux compared to buffer by both ONL thickness (P < 0.001) (Supplementary Figure S2a) and ONL/INL ratio (P < 0.01) (Supplementary Figure S2b) . These findings suggest that the POD peptide component of the nanoparticle, or the nanoparticle itself, may potentially have additional therapeutic effects. This is consistent with the observation that, when looking at whole retina apoptosis by the nucleosome release assay, there was no significant difference between PEG-POD~Lux and PEG-POD~GDNF (P > 0.05) (Figure 3c) . The effect of PEG-POD complexed to DNA alone could be due to increased or prolonged detachment, growth factor release following the initial injection 27 , or by downregulation of proteins of the phototransduction cascade that play a role in mediating light damage. 37 However, delivery of a nanoparticle containing the therapeutic (GDNF) transgene significantly altered the course of degeneration beyond effects of the vector or injection alone.
ERGs measured 7 days post-light treatment showed a 32-39% increase in the a-wave and a 27-31% increase in the b-wave amplitudes (Figure 6a,b) , with only the a-wave being significant (P < 0.05). Because in our model apoptosis occurs almost exclusively within photoreceptors, the a-wave, which primarily measures photoreceptor function, may be a more sensitive measurement of rescue. Analysis of function 10 days post-light exposure showed a significant rescue in PEG-POD~GDNF-injected eyes compared to buffer by 49% in the a-wave (P < 0.005) and by 29% in the b-wave (P < 0.05). Interestingly, there was no significant difference between the two conditions 14 days after light treatment (Supplementary Figure S3) . This is consistent with the histological findings. There was less rescue as measured by the average ONL thickness 14 days compared to 7 days after light treatment (Figure 4c) .
One potential cause for the attenuation of rescue could be a lack of long-term expression. Evaluation of a luciferase transgene compacted into PEG-POD nanoparticles showed a significant decrease in expression after 1 week. 8 A number of different strategies have been employed to increase the longevity of gene expression including using nonviral tissue-specific promoters, linearized DNA, and plasmid sequence modifications, such as scaffold/ matrix attachment regions (MAR or S/MARs). Nonviral vectorscontaining scaffold/matrix attachment region (S/MAR) have been shown to allow long-term expression, 38 with preliminary data also indicating increased efficacy during ocular transduction. 39 Although there have been a number of recent advances in the field of nonviral ocular gene therapy, translation to the clinic has been hampered by low-transfection efficiency, with few vectors demonstrating in vivo rescue in animal models. Those few reports of rescue of models of retinal degeneration have employed either the use of positively charged peptides to create electrostatically charged peptide/DNA complexes 40, 41 or mechanical disruption by iontophoresis or electroporation. 40, 42, 43 Subretinal injection of DNA compacted with the two peptides K8 and JTS-1 (K8/JTS-1) led to transfection of RPE and choroidal cells in the RCS rat and a significant increase relative to control injection in the retinal area displaying delayed retinal degeneration. 40 Because the ONL thickness and function of these retinas was not determined, it is hard to make direct comparisons with our study. The PEGylated poly-lysine peptide PEG-CK30 has been recently used to deliver the peripherin/rds transgene into the subretinal space of heterozygous rds mutant (rds +/− ) mice in the developing (postnatal day 5, P5) and postmitotic (P22) retina. 2, 41 At both injection time points, PEG-CK30 transfection led to a 2-4-fold increase in peripherin/ rds detectable up to 120 days postinjection, resulting in improved scotopic and photopic ERGs, as well as ultrastructural rescue by electron microscopy. 2, 41 A study employing transscleral iontophoresis of β-PDE cDNA in the rd1 mouse model found a significant increase in the thickness of the peripheral retina and detectable ERG recordings at P23. 42 However, iontophoresis was performed at P8, before completion of retinal development. 44 Although promising, it will be interesting to observe whether iontophoresis gene delivery to retinal tissue can be used to rescue disease after retinal development. In the adult RCS rat model, electroporation was found to deliver DNA to the RPE and retinal ganglion cells. 43 Delivery of a brainderived neurotrophic factor (BDNF) transgene by this method resulted in decreased TUNEL-positive photoreceptor nuclei and increased photoreceptor survival 43 but functional rescue was not determined. Although electroporation using similar voltage levels in mice has shown efficient gene delivery, it was also documented to cause a corresponding high level of toxicity and substantial decrease in ERG amplitudes. 45 This report on the use of PEG-POD as a therapeutically relevant nonviral DNA delivery vehicle is only the second nonviral gene therapy study to report functional rescue in an adult model of retinal degeneration. Because the apoptotic pathways observed in the light-induced degeneration model used in this study is similar to those observed in inherited models of retinal degeneration, the rescue effects observed with PEG-POD~GDNF may have therapeutic implications across a wide spectrum of retinal dystrophies. Although there are still significant improvements necessary before clinical use, PEG-POD nanoparticles appear to be an important step in the development of nonviral gene therapy for retinal degeneration.
Animals. All experiments involving animals were in accordance with the Statement for the Use of Animals in Ophthalmic and Vision Research, set out by the Association for Research in Vision and Ophthalmology. BALB/ cJ mice were purchased from Jackson Laboratories, Bar Harbor, ME and maintained in 12-hour dark light cycles in accordance with federal, state, and local regulations. Mice were anesthetized by intraperitoneal injection of xylazine (Xyla-Ject; Phoenix Pharmaceutical, St Joseph, MO, 10 mg/ ml)/ketamine HCl (Ketaset; Fort Dodge Animal Health, Fort Dodge, IA, 1 mg/ ml). Subretinal injections were performed with a 32G needle (Becton Dickinson, Franklin Lakes, NJ) and a 5-µl glass syringe (Hamilton, Reno, NV) by a transscleral transchoroidal approach. Animals were sacrificed by CO 2 inhalation followed by cervical dislocation.
Preparation and characterization of PEG-POD/DNA compactions. PEG-POD was prepared and characterized as previously described. 8 Briefly, peptides were resuspended in 0.1 mol/l sodium phosphate (pH 7.2), 5 mmol/l EDTA to form a 20 mg/ml solution. An equimolar amount of methoxy-PEG-maleimide-10 kd (Nektar Transforming Therapeutics, San Carlos, CA) was resuspended in the same volume of dimethyl sulfoxide. PEG was added drop wise to the peptide over ~10 minutes, vortexing between drops. The solution was shaken overnight at room temperature, and dialyzed using a Bio-gel P6 column (Bio-Rad, Hercules, CA) into 0.1% trifluoroacetic acid. The PEGylated POD (PEG-POD) was quantified by Coomassie stain of a Tris-HCl gel (Bio-Rad) using a POD standard curve. DNA was compacted by diluting the plasmid in water to a final concentration of 0.2 µg/µl and added drop wise to PEG-POD with a final ratio 1.8 nmol/l peptide: 2 µg DNA (0.466 pmol pCAGLuc or 0.396 pmol pCAGGDNF), vortexing to mix. The nanoparticles were dialyzed three times in 5% dextrose using Biomax 10K centrifugal filter (Ultrafree; Millipore, Billerica, MA) and stored at 4 °C. Plasmid compaction was verified by reduced mobility through a 1% agarose gel (Invitrogen), which was relieved after 15-minute incubation with 0.25% Trypsin (Invitrogen) at 37 °C. PEG-POD particles were analyzed by incubation on glow-discharged Formvar copper grids (Electron Microscopy Sciences, Hatfield, PA), stained with 0.4% uranyl acetate, and visualized using CM10 transmission electron microscope (FEI, Hillsboro, OR) using Digital Micrograph software (Gatan, Pleasanton, CA).
In vitro and in vivo expression of GDNF. The plasmid was transfected in triplicate into 911 cells using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturers protocol. Cells were harvested after 48 hours by removing media, adding RNA Stat-60 (Tel-Test, Friendswood, TX), and storing at -80 °C. 1.2 µg PEG-POD~GDNF was injected into the subretinal space of 6-8-week-old BALB/cJ and tissue was harvested after 48 hours. The posterior eyecup was isolated and homogenized in Stat-60 and stored at -80 °C. RNA was isolated using chloroform extraction and precipitated in isopropanol. DNase treatment was performed using Turbo DNase. Samples were run using a iScript One-Step RT-PCR Kit for Probes (Bio-Rad) on an iQ-5 Thermal Cycler (Bio-Rad) and probed using a rat GDNF primer/probe (Assay #Rn00569510_m1, Taq Man Gene Expression Assay; Applied Biosystems, Carlsbad, CA) and normalized to human GAPDH primer/probe (Assay #4332649, Taq Man Gene Expression Assay; Applied Biosystems) in 911 cells and mouse β-actin primer/probe (Assay #4352663; Taq Man Gene Expression Assay, Applied Biosystems) in mouse tissue.
Light-induced retinal degeneration.
Mice were injected into the subretinal space and dark-adapted for 4 days. The eyes of the mice were dilated in the dark and left for 2 minutes just before light exposure. Mice were unrestrained and exposed to 8,500-11,000 lux (Light Meter, Lux/FC 840020; Sper Scientific, Scottsdale, AZ) of 450-nm saturated blue light (Bili Blue; Interlectric, Warren, PA) for 4 hours. Following light exposure, mice were kept in the dark until sacrificed.
Caspase-3/7 activity. Caspase 3/7 activity was measured using a CaspaseGlo assay kit (Promega) and modified from a previously published protocol. 47 Briefly, cytosolic extracts from retina and RPE tissue harvested at various time points and prepared by homogenization in 50 mmol/l Tris-HCl, pH 8.0, 150 mmol/l with protease inhibitors and centrifuged for 15 minutes, at 2,000 r.p.m., at 4 °C. The protein concentration was measured using Quick-Start Bradford Dye Reagent (Bio-Rad) and concentration was adjusted to 0.15 mg/ml and stored at -80 °C. An equal volume of Caspase reagent and protein extract were mixed and incubated at room temperature for 1 hour. The luminescence was measured using a Glomax-20/20 (Promega).
GFAP staining. The eyes were harvested 48 hours after light exposure and fixed for 24 hours in 4% paraformaldehyde, dehydrated in 15 and 30% sucrose solution overnight, embedded in Tissue-Tek optimal cutting temperature compound (Sakura Finetek, Torrance, CA), and 14-µm frozen sections were collected along the vertical meridian. Sections were blocked in 6% (wt:vol) normal goat serum (Jackson ImmunoResearch, West Grove, PA), 0.25% (vol:vol) Triton X-100 (Fischer Bioreagents, Fair Lawn, NJ) in phosphate-buffered saline or 1 hour. Rabbit anti-GFAP antibody (Novus Biologicals, Littleton, CO) was diluted 1:500 in the blocking solution and incubated on the section for 2.5 hours. The section was washed three times in phosphate-buffered saline followed by incubation with CY3-goat anti-rabbit secondary antibody (Jackson ImmunoResearch) diluted 1:500 in the blocking buffer. For all sections, light and fluorescent microscopy was performed using an Olympus IX51 with differential interference contrast and appropriate fluorescent filters. Images were captured using a Retiga 2000R FAST camera and QCapture Pro 5.0 (QImaging, Surrey, British Columbia, Canada). Images were analyzed by removing autofluorescence by consistent manipulation of the levels in Photoshop CS and by measuring the signal in the lower retina, excluding the inner limiting membrane, in Image J.
Assessment of apoptosis.
To detect and localize apoptosis TUNEL staining was performed 48 hours after light exposure. The eyes were fixed as above for 24 hours in 4% paraformaldehyde, dehydrated, embedded in OCT, and 14-µm sections were collected along the vertical meridian. TUNEL stain was performed using an In situ Cell Death Detection Kit, TMR Red (Roche Applied Science, Indianapolis, IN) in accordance with the manufacturers protocol, counterstained with 0.1 µg/ml 4′,6-diamidino-2-phenylindole and coverslipped. TUNEL-positive photoreceptor nuclei were quantified in a vertical section through the optic nerve in both the superior and inferior hemisphere of each eye. The presence of nucleosomes released into the cytoplasm was assessed using a Cell Death Detection enzymelinked immunosorbent assay (Roche Applied Science). Briefly, the retina was removed and homogenized in 400 µl isolation buffer using a VWR PowerMax AHS 200 homogenizer and incubated for 30 minutes at room temperature. After spinning at 20,000g for 10 minutes, the supernatant was removed and diluted 1:200 in isolation buffer and used according to the manufacturer's protocol.
Histological analysis. Eyes were harvested 7 and 10 days after light exposure and fixed as above for 24 hours in 4% paraformaldehyde, dehydrated, embedded in OCT, and 14 µm sections were collected along the vertical meridian. Sections that approximately bisected the optic nerve were 4′,6-diamidino-2-phenylindole stained, coverslipped, and photographed. Images were analyzed using QCapture Pro 5.0 (QImaging). Images were spatially calibrated and manual measurements of the thickness of the ONL and INL nuclear layers were performed. Measurements of ONL and INL thickness were taken at a distance of 125, 250, 500, 750, 1,000, 1,250, and 1,500 µm from the optic nerve. The thickness was averaged between sections in a treatment group and the ONL/INL ratio determined by the quotient of the thicknesses.
ERGs. Mice were dark-adapted following light exposure. The mice were anaesthetized as described above, pupils dilated with 1% Tropicamide (Akorn, Lake Forest, IL), and scotopic ERGs recorded at a flash intensity of 1 dB using contact lens electrodes and the UTAS system with BigShot ganzfeld (LKC Technologies, Gaithersburg, MD). Five flashes were averaged and smoothed using the UTAS software.
Statistical analysis. All data analyses were performed using Prism Software 4 (GraphPad Software, La Jolla, CA). In experiments comparing three or more sample conditions, data were analyzed using a one-way analysis of variance with a post hoc Student-Newman-Keuls multiple comparison test for significance (Figures 2a-c, 3b,c, 4c,d, 5b, 6b , and Supplementary  Figure S2a,b) . All other statistical tests were performed using an unpaired Students t-test. Outliers were determined using the Quartile or FourthSpread method. 48 All data is presented as the mean ± SE.
suPPleMentArY MAterIAl Figure S1 . Subretinal injection of PEG-POD~GDNF results in an increased ONL/INL ratio. Figure S2 . Little significant change in the average ONL thickness and ONL/INL ratio of the inferior hemisphere. Figure S3 . The functional rescue observed 7 days after subretinal injection of PEG-POD~GDNF is lost by 14 days post-light treatment.
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